ABSTRACT: UV nanosecond laser pulses have been used to produce a unique surface nanostructuration of Ag@ZnO supported nanorods (NRs). The NRs were fabricated by plasma enhanced chemical vapor deposition (PECVD) at low temperature applying a silver layer as promoter. The irradiation of these structures with single nanosecond pulses of an ArF laser produces the melting and reshaping of the end of the NRs that aggregate in the form of bundles terminated by melted ZnO spherical particles. Well defined silver nanoparticles (NPs), formed by phase separation at the surface of these melted ZnO particles, give rise to a broad plasmonic response consistent with their anisotropic shape. Surface enhanced Raman scattering (SERS) in the as-prepared Ag@ZnO NRs arrays was proved by using a Rhodamine 6G (Rh6G) chromophore as standard analyte. The surface modifications induced by laser treatment improve the stability of this system as SERS substrate while preserving its activity.
4 electromagnetic enhancement (caused by the charge transfer between the noble metal and the adjacent semiconductor). [20] [21] [22] [23] Enhancement of the sensing response is also observed in hollow one-dimensional nanostructures with a high surface to volume ratio. [24] [25] [26] [27] [28] [29] In previous works, we have reported a route to produce supported hollow NRs of ZnO which were decorated with silver nanoparticles. 30, 31 The fabrication method consisted of a plasma enhanced chemical vapour deposition (PECVD) procedure. 30, 31 This system, with a high surface area and a high concentration of silver NPs, has an ideal nanostructure for the development of a SERS sensor system. Another advantage of this system for SERS resides in its vacuum-based methodology that circumvents potential spectral interference caused by remaining chemical agents used during chemical wet methods. 32 However, a problem encountered by its use for SERS sensing is a progressive decrease in sensitivity when utilised successive times. The observed association of the supported NRs in the form of nanocarpets when dripping water on their surface 33 is deemed as the main responsible factor for this decrease in sensitivity.
To overcome this limitation UV nanosecond laser pulses have been applied to induce specific surface modifications contributing to keep the efficiency of the original material as a long lasting SERS substrate. Laser irradiation with UV nanosecond laser pulses have been used to improve the structural or optical properties of ZnO NRs, these latters evidenced by an overall enhancement of the UV photoluminescence (PL). [34] [35] [36] This treatment has been also proved to be an useful tool for increasing the on-current NRs field effect transistor. 37 In all these experiments there were microstructural changes affecting the end of the NRs that can be related to surface melting processes induced by laser. The characteristics of the obtained nanostructures depended on the utilized laser fluence: coarsening is generally observed for low fluences, while formation 5 of spherical NPs, 37, 38 clustering of adjacent NRs 35, 37 or even offal NRs leading to an irregular coating on top of the NRs 36 have been found for high fluences.
In the present work, we show that NRs tip melting and association and the formation of embedded anisotropic Ag nanoparticles are the main structural changes induced by laser. These changes prevent the nanocarpet association of NRs by water dripping 33 and contribute to the stabilization of the Ag@ZnO NRs structure for its long-lasting use as SERS sensing substrates.
Besides disclosing the nature of the laser induced microstructural changes, it has been also found that reshaped Ag NPs are responsible for a polarization sensitive plasmonic response of these laser transformed materials.
EXPERIMENTAL METHODS
The fabrication process steps of supported Ag@ZnO nanostructures are shown in Scheme 1.
Firstly, silver NPs are deposited by DC-sputtering at room temperature onto different substrates.
Additional information about this procedure can be found elsewhere. 39, 40 These NPs act as metal seeds for the growth of Ag@ZnO NRs by PECVD at low temperatures. Then, nanosecond pulses from a UV laser are used to transform the surface of the NRs. This transformation implies their tip partial melting with the subsequent formation of ZnO particles that act as NR aggregation templates. In the course of this process newly formed Ag NPs become also incorporated in these oxide particles. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   8 NRs arrays deposited on silicon wafers were characterized by scanning electron microscopy (SEM). The analysis of selected irradiated areas of samples deposited on fused silica substrates yielded identical results than on silicon wafers. A field emission apparatus, S4800 from Hitachi, was used for these studies. An in-depth characterization of as prepared Ag@ZnO NRs before laser irradiation was carried out using high-angle annular dark field scanning transmission electron microscopy (HAADF-STEM). The NRs were removed from the substrates and then placed in a holey carbon grid (from Agar). HAADF-STEM electron tomography was performed on a FEI Tecnai F20 field emission gun transmission electron microscope operated at 200 kV.
The extinction spectra expressed as ln(1/T) were determined from the transmittance spectra (T) recorded for the samples deposited on fused silica normalized to the spectrum of the bare substrate. The recording system consisted of a Mercury-Xe lamp, a polariser and a visible fiber optics spectrometer. Spectra were recorded in the range of 400-750 nm at both 0° and 45° angle of incidence with respect to the normal to the substrate and for light polarized parallel (ppolarization) and perpendicular (s-polarization) to the incidence plane. Since for 0° incidence angles the spectra were not affected by the polarization of light, we will refer to the corresponding experiments by just mentioning the angle of incidence. For 45º incidence experiments, the type of polarized light will be also mentioned.
Raman spectra were collected in a LabRAM HR High Resolution 800 Confocal Raman
Microscope. For the measurements a green laser (He-Ne 532.14 mn), 600 line/mm, 100x objective, 20 mW and 100 µ pinhole, was used. Rh6G was used as SERS probe. Different amounts of this dye molecule were dissolved in ethanol to get different solutions with concentrations ranging from 10 -11 to 10 -5 M. Droplets of 2 µl were dropped on the substrate and naturally dried in air before SERS characterization. An example of laser treated Ag@ZnO NRs is presented in Figure 2 , where SEM images of a zone exposed to a fluence of 72 mJ cm -2 are shown. The irradiation leads to the formation of almost spherical ZnO particles at the upper part of several NRs that in this way become associated in a rigid superstructure as sketched in Scheme 1c) and imaged in this figure. Fig. 2b) shows a backscattered electron image of these rounded particles evidencing some bright areas confined to the neighborhood of the surface. These bright dots are attributed to newly formed silver NPs. It is important to stress that these structural modifications do not affect the lower part of the NRs, as evidenced by comparing the cross section SEM micrographs of Fig. 2c ) taken from the irradiated area and the one in Fig. 1b) corresponding to the as-prepared NRs. The diameter of the spherical ZnO particles and the newly formed Ag NPs are respectively in the ranges 100-200 nm and < 50 nm. TEM it was also possible to differentiate the Ag NPs within the ZnO. In another experiment, the samples were exposed for 2, 5 and 6 times to a laser fluence of 72 mJ cm -2 . The SEM images, presented in Figure S3 of the Supporting Information, show that the associated structures of NRs formed after the first irradiation is stable and remains unaltered after successive laser treatments.
As prepared Ag@ZnO NRs exhibit a superhydrophobic behaviour attributed to the combination of two factors: the hydrophobicity of ZnO itself and the nanostructuration of the surface. 30, 33 Water contact angle measurements have been also carried out on laser treated 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 14 surface modifications is displayed in the Figure S5 of the Supporting Information.). In contrast with this modification of the surface nanostructure by dripping water on the as-prepared NRs, SEM micrographs of wetted areas (experiments were carried out with water or ethanol) of laser modified NRs showed no major alterations of the nanostructure for samples treated with fluences higher than 72 mJ cm -2 . The implications of this laser mechanical stabilization of the nanostructure for sensor SERS applications will be discussed below.
Optical properties of Ag@ZnO NR system
The as-prepared samples presented a brownish coloration likely as consequence to the large dispersion of Ag NP sizes. Contrary to this optical behaviour, the laser treated Ag@ZnO NRs samples present a well-defined plasmonic response visually identified by bluish coloration. This different optical behaviour is evidenced in Fig. 4 showing the extinction spectra recorded at 0º
for both the as-prepared and the four irradiated NRs samples. The as-prepared sample depicts a featureless spectrum with a smooth decrease in the extinction from UV to IR, very similar to that reported for pure ZnO films. 41 No relevant changes in the spectral shape occurred before reaching the threshold fluence of 72 mJ cm -2 , when it develops a broad peak extending from 435 to 550 nm. The development of this band must be associated to the SPR response of the isolated Ag NPs formed within the spherical ZnO particles upon laser treatment. At higher fluences, the extinction coefficient increases and the band broadens towards the IR part of the spectrum. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 16
To further investigate the characteristics of this band, we measured the transmission spectra at 45º with both p-and s-polarized light. The results of this analysis for the as prepared samples and the laser irradiated areas (fluences of 72 mJ cm -2 and 130 mJ cm -2 ) are presented in Fig. 4b ).
The spectra taken with s-polarized light are identical to those obtained at 0º (Fig. 4a) , while those recorded with p-polarized light produces an enhancement of the extinction at the UV side of the spectrum (see the clear maximum developing in the range 435-455 nm depending on the fluence), while practically no changes are observed in the IR side (i.e. in the range 520-550 nm).
Ag@ZnO nanorods as SERS substrates for Rh6G detection
As reported in references, 30, 31 in the Ag@ZnO NRs samples, silver NPs with diameters comprised between 3 and 15 nm are distributed in an inner hollow extending along the ZnO NR porous shell structure. The high dispersion of silver NPs and/or aggregates and a likely electronic interaction of the metal phase with the ZnO semiconductor makes this material very attractive for SERS applications. 13, 14 An intimate electrical contact between Ag and ZnO was in fact evidenced by the visible photoactivity depicted by these samples. 30 To check the SERS activity of the Ag@ZnO NRs, Rh6G dye was used as a probe molecule. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 material presents a high SERS activity with an enhancement factor of about 1.6 × 10 6 (Part S6 of the Supporting Information).
The wetting of Ag@ZnO NRs substrates with liquids implies the irreversible formation of a nanocarpet structure. 33 Due to this self-bending and association process, this surface transformation produces a decrease in the active surface area which, most likely, is the responsible for the observed small decrease in SERS sensitivity. According to the results in the previous section (c.f. Figure 2) , laser induced morphological changes in the NRs samples offer a way to provide rigidity and stability to the system even after water immersion. Laser irradiation also produces the association of NR tips and affects the Ag NPs distribution (c.f., Figure 2 ). To check the influence of these morphological differences in the SERS activity, Rh6G SERS spectra were recorded for the as-prepared Ag@ZnO NRs, laser treated Ag@ZnO NRs and a reference ZnO thin film (Figure 5b ). This figure shows that the spectra taken on the laser treated NRs were similar to that on the as-prepared samples. In the two cases all the resonant peaks of Rh6G were recorded, although their intensity was slightly weaker in the former case. Defining the detection efficiency as the ratio between the intensity of the 771 cm-1 peak of the laser treated with respect to that in the as-prepared NRs, it results that this parameter is close to 90% in the former case. In terms of the enhancement factor, laser treated NRs present a value of approximately 1.4 × 10 6 . It is also apparent in Fig. 5b ) that the reference ZnO thin film does not present any SERS activity. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   19 An advantageous difference of the laser treated Ag@ZnO NRs with respect to the as-prepared samples was the long lasting detection efficiency achieved in the first case. For analytical purposes, a long lasting stability of the SERS response is an important condition that has been overlooked in previous publications dealing with the SERS activity of Ag-ZnO nanostructures, 13, 14 This is a critical issue with zinc oxide based materials due to their relatively low chemical stability in water. 43 To evaluate the robustness of our system for SERS, water droplets with Rh6G were deposited and then dried on the different studied samples. Figure 6 shows the evolution of the normalized intensity of the 771 cm -1 peak after successive tests. For the as prepared Ag@ZnO NRs, the SERS activity decreased considerably after the first experiment (~80%) and then more slowly up to reach 60% of the initial intensity after dripping 5 droplets. By contrast, the laser treated NRs were more stable and still exhibited an 85% of the initial SERS activity after 5 immersions. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 21 4 DISCUSSION
Laser induced morphological modification of Ag@ZnO NRs
The main effect of laser irradiation is the production of bundles of NRs due to the formation of large and almost spherical ZnO particles at the end of the NRs that associate several of them. The morphologies of the particles and bundles are very similar to those reported earlier upon laser irradiation of non-doped ZnO NRs, 37, 38 and are related to melting followed by rapid solidification. The melting temperature of ZnO nanorods under conventional slow heating in air has been reported to be ≈ 750 °C, that is significantly lower than that of the bulk material (1700 ºC). 44 Annealing during 1 hour at this temperature lead to partial melting and coalescence of the nanorods by joining neighboring NRs, while the NRs have completely converted into particles upon annealing at ≈ 950 °C. In our case, the porous character of the Ag@ZnO NRs together with the large amount of accumulated defects in their structure might contribute to decrease further the melting temperature. Therefore, we can conclude that laser irradiation for fluences higher than 44 mJ cm -2 at 193 nm induces melting of the tip of the NRs and the formation of round particles to minimize the free energy. Once the particle size becomes comparable to the NRs separation, neighboring particles coalesce leading to a single bigger particle on top of various NRs, i.e. forming the bundles, similarly to what is observed under conventional annealing at threshold temperature.
44
Since the melting temperature of bulk silver (960 ºC) is close to that of the NRs and that of the initial small Ag NPs in the porous structure is expected to be at least ≈ 100 ºC lower due to their small diameter, 45 we can conclude that the initial Ag NPs have also melted. The low miscibility 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   22 interpretation is supported by the SEM images reported in Figure 2 showing that the Ag NPs are at the surface of the ZnO particles and the absence of aggregation of Ag at the interface with the non-melted part of the NRs. In agreement with the results reported earlier, 37, 38 there are also no evidences for changes in the non-melted part of the NRs that thus act as crystalline seeds for the solidification of the molten ZnO. It has been reported that the atomic spacing was preserved when passing this interface thus supporting the epitaxial regrowth of the ZnO. XRD and TEM results and the fact that no further changes were observed after successive irradiation treatments are consistent with an epitaxial regrowth occurring also in our case. The fact that a second pulse with same fluence than the first one does not produce further changes evidences that the melting point of the surface material has increased and thus become closer to that of the bulk material and higher than that of the porous NRs. This reasoning is consistent with the ZnO spheres being formed by dense and crystalline ZnO as opposed to the porous structure of the NRs (see Figure   S1 and S2 of the Supporting Information) in agreement with the earlier results reported upon laser irradiation of un-doped NRs 37, 38 and the higher melting temperature of the bulk (dense) material than the porous one. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   23 
Optical properties of laser treated Ag@ZnO NRs
The brownish colour of the as-prepared Ag@ZnO NRs agrees with the wide size distribution of silver NPs found along the inner hollow of these structures. These Ag NPs have diameters in the 3-15 nm range and do not exhibit a well-defined plasmonic response. As suggested earlier, 30 this is likely related to the broad distribution of NP diameters and/or to that an excess of metal infiltrated in the porous ZnO shell prevents the localization of electron oscillations. The ultraviolet nanosecond laser treatment provides a way to modify locally the material surface as well as to produce NPs with plasmonic response. The plasmon band observed in the irradiated zones must be associated to the Ag NPs formed at the ZnO particles at the NR tips as deduced from the SEM analysis of the irradiated samples (c.f. Figure 2 ).
The spectra recorded at 45º (Fig. 4b) with p-and s-polarizations show that the broad plasmonic band response observed at 0º is due to two contributions with relative maxima in the 435-455 nm and 520-555 nm ranges. These two contributions can be accounted for by assuming that the silver NPs formed at the surface of the ZnO particles have an oblate shape with their shorter dimension axis perpendicular to the ZnO spheres. The SPR of similar oblate NPs are known to split into a blue-shifted longitudinal and a red-shifted transversal mode. 4, 46 Furthermore, for oblate NPs with an aspect ratio of ~1.5 and embedded in a dielectric media of refractive index ~2.1 (approximately the refractive index of ZnO in the visible region of the spectrum), longitudinal and transversal modes at 445 nm and 540 nm are expected. 4 These values are very close to the position of the two features observed in the spectra depicted in Fig. 4b ). In our case, the fact that the blue-mode is enhanced at 45º by using p-polarization, i.e. when the electromagnetic field has a component parallel to the direction of the NRs, suggests that the NPs 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 24 distribution is not homogeneous and there is a certain solid angle along the NR axis were they are preferentially located.
Long lasting SERS devices
The results reported in Figures 2 and 3 have shown that by laser irradiating the Ag@ZnO NRs, the obtained nanostructure is quite robust and does not experience any nanocarpet formation when immersed in liquids. We attribute this behaviour to a high rigidity imparted by the laser formed ZnO nanoparticles to the NRs and to the fact that the long distance separating the associated bundles prevents a capillary driven nanocarpet formation.
The existence of electronic interactions between silver and the ZnO semiconductor in Ag-ZnO composite nanostructures is known to contribute to enhance the SERS sensitivity. 14 In our system, some electron transfer from the Ag NPs to the ZnO NRs should be expected until their 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 25 two different scales: at the micrometric scale, related with the length of the NRs and the hollow space between them, and at the nanometric scale within the nanocolumns, due to the intrinsic porosity of the ZnO shell. 30 This characteristic nanostructure should lead to a large surface area for molecular adsorption and to an enrichment of analyte molecules.
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